Developing oligodendrocytes undergo a well-characterized maturation process that is controlled by extrinsic factors that promote specification, proliferation, and differentiation. Inhibitory factors also influence oligodendrocyte development and may regulate the location and number of oligodendrocytes available for myelination. These factors may also repress regeneration and remyelination after injury. Bone morphogenetic proteins (BMPs) comprise a family of factors that inhibit oligodendrocyte development in vitro and when they are overexpressed in vivo. These effects seem to be mediated by the actions of inhibitors of DNA-binding protein on transcription factors that promote myelination. Bone morphogenetic protein signaling deletion studies have generated a complex picture in which the main effect of BMPs is on oligodendrocyte differentiation and depends on the level of signaling. Bone morphogenetic proteins are significantly upregulated in demyelinated areas in models of myelin injury and disease, and blocking of BMP signaling aids recovery. It is not yet known, however, whether this occurs by promoting differentiation of oligodendrocyte precursors or by inhibiting astrogliosis because BMPs also promote astrogliogenesis. Understanding the actions of BMPs will be important for promoting recovery in patients with demyelinating diseases and other types of CNS injury. FIGURE 2. Bone morphogenetic protein (BMP) signaling can inhibit oligodendrocyte differentiation and increase astrogliogenesis in neural cells. (Left) The BMP ligand is bound by specific inhibitors and cannot contact its receptors. Smad1 remains unphosphorylated in the cytoplasm. Olig1/2, Sox10, and Nkx2.2 cooperate to promote differentiation and myelin protein formation. (Right) Bone morphogenetic protein signaling to its receptors phosphorylates Smad1, signaling to inhibitors of DNAbinding proteins (Id) proteins sequesters Olig 1/2 in the cytoplasm, and differentiation and myelin protein synthesis do not occur. Astrogliogenesis is promoted possibly through the serine-threonine kinase FKBP12/rapamycin-associated protein (FRAP)/signal transducers and activators of transcription (STAT) pathway. BMPR, bone morphogenetic protein receptor.
INTRODUCTION
Specification, proliferation, and differentiation of the various cell types in the developing CNS require interactions between internal molecular mechanisms and external signaling factors. Oligodendrocyte development provides an excellent model in which to study these interactions because the stages and the internal cellular mechanisms involved in oligodendrocyte lineage progression are distinct and well characterized ( Fig. 1) . Oligodendrocyte specification and later maturation are promoted internally by transcription factors that include Olig1, Olig2, Nkx2.2, and Sox10 (1Y4), and externally by factors such as sonic hedgehog (Shh) for specification and thyroid hormone and insulin-like growth factor 1 for differentiation (5Y9). Inhibitory factors may also regulate the location and extent of oligodendrogliogenesis, restricting both oligodendrocyte precursor cell (OPC) specification and oligodendrocyte differentiation; the identity of these factors is presently unknown.
One potential group of repressive factors for oligodendrocyte development is the bone morphogenetic proteins (BMPs). These signaling proteins are concentrated in the roof plate of the developing nervous system and act as dorsalizing factors, specifying the patterning of interneurons in the dorsal neural tube (10) . Because most OPCs arise in ventral regions of the neural tube and because BMPs inhibit oligodendrocyte differentiation in vitro, BMPs are thought to limit dorsal oligodendrogliogenesis, at least early in development (11Y13). Recently published in vivo studies from several laboratories, however, suggest that the regulation of oligodendrocyte development by BMPs may be more complex (14, 15) .
This review will discuss in vitro and in vivo studies of the role of BMPs in the development of the oligodendrocyte lineage. We will also review the mounting body of evidence suggesting that BMPs are upregulated during nervous system injury and disease involving demyelination and may serve to inhibit regeneration. Thus, understanding the role of BMPs in oligodendrogliogenesis may lead to development of strategies to repair demyelination in the CNS.
Most Oligodendrocytes Are Ventrally Derived
Cells of the oligodendrocyte lineage first appear in the germinal zones of the mouse neural tube at E12.5, shortly after motor neurons are generated (13) . In culture, the first recognizable stage in the oligodendrocyte lineage is the oligodendrocyte preprogenitors that are specifically recognized by their expression of polysialic acid portion of neural cell adhesion molecule (PSAYNCAM) on the cell surface (16) . In the absence of other cues, these cells will become oligodendrocyte precursors (i.e. OPCs), which are bipolar proliferative cells that migrate out of the ventricular zone to their final locations (17) . The OPCs can be identified in vitro by the A2B5 antibody that identifies a surface ganglioside (18) and in vivo by the expression of platelet-derived growth factor receptor-> and possibly chondroitin sulfate proteoglycans both in vitro and in vivo (19, 20) . Both oligodendrocyte preprogenitors and OPCs are multipotential in vitro and possibly in vivo, and certain external signaling factors induce their expression of astrocytic and even neuronal markers (12, 21Y23) .
In the spinal cord, most OPCs are specified in the ventral ventricular zone in the Olig2-expressing domain (1, 4, 13) . These ventrally arising OPCs appear in a tightly restricted area of the preYmotor neuron domain, induced by Shh signaling from the notochord and floor plate. Experiments in mice in which the notochord has been removed or Shh signaling has been disrupted have resulted in almost no oligodendrocytes, suggesting that Shh signaling is necessary for generation of ventral oligodendrocytes (8, 9) . Furthermore, addition of notochord explants or Shh to developing chick neural tube has resulted in increased and ectopic oligodendrogliogenesis, suggesting that Shh signaling may be sufficient for OPC generation (8, 9, 24) . There is recent in vitro evidence that Shh signaling may not be necessary for generation of all oligodendrocytes because some may be derived from a dorsal population of OPCs (25) . Sonic hedgehog signaling from the notochord seems to be responsible for the ventral origin of most OPCs, however. Inhibitory factors that restrict OPC generation to the ventral neural tube may also exist and share responsibility for the largely ventral origin of OPCs. Using spinal cord explant cultures, Wada et al (26) demonstrated inhibition of oligodendrogliogenesis in ventral spinal cord segments by placing pieces of dorsal spinal cord adjacent to the ventral sections. Conversely, removing dorsal areas entirely resulted in increased and ectopic O4+ oligo-dendrocytes, indicating the presence of a dorsal inhibitory factor that restricts most oligodendrocyte development to ventral areas.
The BMPs are highly expressed in the roof plate of the developing neural tube and seem to be the most likely candidates for dorsal inhibition of oligodendrocytes for several reasons. First, a growing body of evidence supports the idea that exogenous BMP treatment of OPCs inhibits oligodendrocyte maturation both in vitro and in vivo. Second, BMPs oppose the actions of Shh in the development of motor neuron subclasses and other dorsal structures (27) . This is not simply a question of the ventral versus dorsal source of these proteins because BMP is also expressed in some ventral areas (28) . The influence of the BMPs ventrally is inhibited by expression of the specific BMP inhibitor noggin; in the absence of noggin, dorsal cell fates predominate even in the presence of Shh, suggesting that BMPs can override Shh signaling (28) .
The Bone Morphogenetic Proteins
Bone morphogenetic proteins are a family of secreted transforming growth factor-A signaling factors that were first identified through their involvement in bone formation but are also important for development of numerous tissues. There are at least 20 structurally distinct BMPs. The diverse cellular processes controlled by BMPs include proliferation, differentiation, and apoptosis. In the developing CNS, BMP expression in the roof plate exerts a dorsalizing effect on neural stem cells and developing neurons (27, 29) . Disruption Surface or internal markers found at specific stages of the lineage are indicated in the blue cytoplasm of the cell. Transcription factors important for specification and later differentiation are indicated in the pink nucleus of the cell. Lower portions show the corresponding morphology of typical oligodendrocyte lineage cells at each stage. These are neonatal rat cells grown in purified culture and labeled at appropriate stages with antibodies to polysialic acid portion of neural cell adhesion molecule (PSAYNCAM) for preprogenitors, ganglioside marker A2B5 for precursors, galactocerebroside ([GalC] R-mAb) for immature oligodendrocytes, and myelin proteolipid protein (PLP) for mature oligodendrocytes. CNP, 2 ¶,3 ¶-cyclic nucleotide phosphodiesterase; MAG, myelinassociated glycoprotein; MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; NG2, NG2 chondroitin sulfate proteoglycan; PDGFR, platelet-derived growth factor receptor. of BMP signaling in the neural tube expands ventral domains such that DI1 interneurons are eliminated, numbers of DI2 interneurons are reduced, and DI3 and DI4 interneuron domains are expanded (30) . The BMPs are expressed in both dorsal and ventral areas of the spinal cord during embryonic development, although expression is much higher in dorsal areas (31) . In human embryos, BMP is expressed in the diencephalic floor and may have a role in telencephalic regionalization and patterning; BMP mutations have been found in humans with brain anomalies and developmental delays (32) .
Although BMPs are secreted molecules, their actions are local and their diffusion is limited, possibly by interaction with extracellular matrix proteins such as heparin sulfate proteoglycans (33) . The BMPs can, however, control patterning at a distance through local effects on other families of dorsal growth factors such as the Wnts (30) .
The BMPs signal through a serine-threonine receptor dimer consisting of the BMP receptors BMPRI and BMPRII, of which there are multiple subunits. The BMP dimer binds to the high-affinity Type II receptor, which then associates with and phosphorylates the Type I receptor (34) . The Type I receptor then phosphorylates a receptor Smad (R-Smad) 1, 5, or 8, which then forms a complex with the co-Smad, Smad4, and translocates to the nucleus to initiate transcription (35, 36) . Bone morphogenetic protein signaling can also activate an alternative signaling pathway in cells through activation of STAT proteins mediated by the serine-threonine kinase FKBP12/rapamycin-associated protein and the cyclic AMP response binding protein (CBP/p300) (37) .
The BMPs that are most relevant to oligodendrocyte development use BMP receptors BMPR-IA and BMPR-IB, which are encoded by the genes Bmpr1a and Bmpr1b, respectively ( Fig. 2) (10, 38) . The two receptors can mediate different responses even within the same cells in some developmental situations (39) . In the specification of dorsal spinal cord patterning, however, the two Type I BMP receptors have recently been shown to be functionally redundant (30) . Both the BMPR-IA and BMPR Type II receptors are present in OPCs and mature oligodendrocytes, but the BMPR-IB receptor has so far been identified only in OPCs (11, 40) . The OPCs and mature oligodendrocytes synthesize BMP-4, but possible paracrine effects of BMP signaling are not known (40) .
Bone morphogenetic protein signaling is tightly regulated by cell intrinsic and extrinsic factors. Extracellular antagonists chordin, noggin, gremlin, and dan bind to BMP itself and prevent receptor binding (41) . Intracellular proteins Smad6, Smad7, and Lim compete with receptor-activated Smads for receptor binding (41Y43). This allows precise regulation of BMP signaling levels throughout the CNS, thereby allowing high levels of BMP signaling in dorsal tissues, whereas ventral tissues are free from dorsalizing effects.
BMPs in Oligodendrocyte Development: Effect of BMP Addition During Early Stages Of Oligodendrocyte Development In Vitro
Bone morphogenetic protein addition to neurospheres and to cultures of oligodendrocyte preprogenitors and precursors (the early stages of the oligodendrocyte lineage) first demonstrated that BMPs inhibit oligodendrogliogenesis while promoting astrogliogenesis ( Fig. 3 ). Gross et al (44) showed that neurospheres composed of undifferentiated neural stem cells generated astrocytes at the expense of neurons and oligodendrocytes when they are treated with BMPs. In addition, BMP treatment has been shown to direct early stages of the oligodendrocyte lineage to an astrocyte phenotype. For example, BMP treatment of PSA-NCAM+ oligodendrocyte preprogenitors generated cells that retained PSA-NCAM expression but also expressed glial fibrillary acidic protein (GFAP), a marker of mature astrocytes and radial glia and inhibited progression to the next stage of the oligodendrocyte lineage, the OPC. Furthermore, treatment of OPCs with BMP-2 or BMP-4 inhibited oligodendrocyte differentiation and instead diverted the cells to a Type 2 astrocyte phenotype, characterized by coexpression of GFAP and A2B5, an antibody marker that labels surface gangliosides on OPCs (11, 12, 45) . These studies suggest that BMPs prevent multipotential progenitors from entering the oligodendrocyte lineage while promoting astrogliogenesis. These processes may be separately controlled ( Fig. 2) . Although BMP signaling to oligodendrocyte precursors upregulates Smad labeling in the nucleus, which may activate mechanisms to inhibit oligodendrocyte differentiation (15) , the generation of astrocytes may require activation of the STAT/FRAP pathway. Inhibition of this pathway in neural stem cells prevents differentiation of astrocytes (37) . This area awaits further study.
Effect of BMPs on Oligodendrocyte Development: BMPs and Myelin Protein Expression In Vitro
After migration, OPCs cease proliferation and begin to differentiate, activating internal machinery involved in differentiation, expressing markers of maturing oligodendrocytes and beginning formation of the myelin sheath. The first marker of progression from an OPC to an immature phenotype is expression of the proligodendroblast antigen, which is recognized by the O4 antibody, marking the proligodendroblast stage (46) . This shortly precedes differentiation into immature oligodendrocytes, characterized by expression of markers galactocerebroside (GalC) and 2 ¶,3 ¶-cyclic nucleotide phosphodiesterase (CNP), which signifies commitment to an oligodendrocyte fate (47, 48) . Finally, mature oligodendrocytes express myelin proteins such as proteolipid protein, myelin basic protein, myelin-associated glycoprotein, myelin-oligodendrocyte protein, in addition to GalC and CNP (47, 49) .
Bone morphogenetic proteins seem to have a role in regulating myelin protein expression, independent of their function in differentiation. When BMP-4 was added to OPC cultures that had been allowed to differentiate for 2 days, achieving an immature oligodendrocyte phenotype, the cells expressed the differentiation marker GalC but not myelin proteins ( Fig. 3) (50) . These immature oligodendrocytes were unable to express GFAP in the presence of BMP because they were no longer multipotential. Furthermore, when beads soaked in recombinant BMP-4 proteins were placed in the ventral midline of spinal cord explant cultures, myelin protein expresion was almost completely absent in a local area surrounding the beads, whereas immature markers such as O4 and GalC were also reduced, but to a much lesser extent (50) . These data suggest that exogenous expression of BMP has a specific inhibitor effect on myelin protein expression. Interestingly, Wada et al (26) were unable to show an effect of BMP-4 on similar explant cultures when BMPs were simply added to the FIGURE 3. Effects of exogenous bone morphogenetic protein (BMP) addition in vitro. Addition of BMP-2 or BMP-4 inhibits the progression through the oligodendrocyte lineage and generates cells with an astrocyte phenotype that expresses glial fibrillary acidic protein (GFAP) and oligodendrocyte precursor markers platelet-derived growth factor receptor-> (PDGF-R>) or ganglioside marker A2B5. Treatment of immature oligodendrocytes that are committed to the oligodendrocyte lineage with BMP-2 or BMP-4 inhibits myelin protein expression. CNP, 2 ¶,3 ¶-cyclic nucleotide phosphodiesterase; GalC, galactocerebroside; MAG, myelinassociated glycoprotein; MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; NG2, NG2 chondroitin sulfate proteoglycan; PDGFR, platelet-derived growth factor receptor; PLP, myelin proteolipid protein; PSA-NCAM, polysialic acid portion of neural cell adhesion molecule (CD56). explant medium. Oligodendrocyte differentiation was suppressed, however, when BMP was delivered in a locally concentrated manner, illustrating the locally limiting effects of BMPs (26, 50) . This restricted effect was also shown in Xenopus spinal cord using BMP-4Ycoated beads or beads coated with function-blocking antibody to BMP-4 (31) .
BMP in Oligodendrocyte Development: Overexpression In Vivo
Several lines of evidence suggest that addition of BMPs to developing neural tube also inhibits oligodendrogenesis in vivo. For example, in chick embryos, addition of BMP-soaked beads to developing neural tube resulted in decreased numbers of maturing oligodendrocytes but no increase in astrogliogenesis (51) . To investigate the effects of genetic BMP overexpression, Gomes et al (52) generated mice in which overexpression of BMP-4, controlled by the neuron-specific enolase promoter, resulted in an 11% to 19% decrease in oligodendrocyte maturation in multiple brain regions, depending on the area examined, coupled with increased astrogliogenesis. Together, these results support an inhibitory effect of excess BMP signaling, but they do not address the effects of endogenous BMPs on gliogenesis ( Fig. 4 ).
BMP in Oligodendrocyte Development: Disruption of Signaling
Recent studies have shown that endogenous BMP signaling does play a role in gliogenesis. In chick neural tube, the disruption of BMP signaling by adding nogginexpressing cells resulted in ectopic dorsal oligodendrogenesis, suggesting that the presence of BMP was the primary factor preventing dorsal oligodendrocytes from developing (51) . In a related study, depletion of endogenous noggin, an inhibitor of BMP signaling, from rat optic nerve decreased oligodendrogenesis and increased the number of astrocytes (40) . This effect was confirmed in Xenopus embryos (31) . Although these studies show the effect of a diminution in BMP signaling, the most rigorous test of the role of BMPs comes from genetic deletion experiments.
BMPs in Oligodendrocyte Development: Genetic Deletion Models
Based on conditional deletion of Type I receptors, 2 models of BMP expression abrogation have been developed.
Because BMP signaling is involved in numerous and fundamental aspects of development, simple genetic deletions of key BMPs or their receptors have resulted in embryonic lethality. However, a conditional knockout was created by the Cre/loxP recombination system using proximal cis-active transcriptional regulatory elements of the POU-domain gene Brn4/Pou3f4 (53) . Bmpr1a conditional knockouts were crossed with traditional Bmpr1b knockouts to generate double knockouts. These animals show dorsal/ventral neural tube patterning defects, hindlimb deformities and neonatal lethality. When the animals were analyzed at P0, BMP receptor signaling was clearly missing, as indicated by the lack of response to BMP in vitro and the lack of nuclear localization of the phosphorylated form of Smad1, the downstream signaling partner of BMP-4 (15) . Spinal cord sections from the animals had a 50% decrease in astrocytes, as expected, but the number of OPCs was the same as the controls and the numbers of cells expressing the oligodendrocyte proteins myelin proteolipid protein and myelin basic protein were decreased by more than 50%, indicating a significant lack of oligodendrocytes ( Fig. 4) (15) . This suggested that the lack of BMP signaling did not affect OPCs and that some amount of BMP signaling, either directly to OPCs or indirectly through astrocytes, was actually required for timely myelination.
A second model used the disruption of BMPR1a only using an Olig1-Cre that deletes expression of Olig1 from the neural tube by E13.5 (14) . These animals retained some nuclear phospho-Smad labeling probably caused by the continued presence of the BMPR1B receptor. The OPC numbers and distribution were unchanged, as were numbers of astrocytes in the brains of these animals. but there were increased numbers of mature oligodendrocytes and calbindinpositive interneurons at P21. The latter was ostensibly because the Olig1 Cre targets some motor neurons as well as oligodendrocytes (14) .
Both of the genetic studies previously described had the common conclusion that the deletion of BMP signaling at a time point before or at the start of the appearance of OPCs did not alter the number or distribution of precursors. This suggests that BMP signaling is not involved in the specification of oligodendrocytes and runs counter to the general notion in the field. Most of the analysis of the effect of exogenous BMPs on oligodendrocyte development has been performed using markers of immature or mature oligodendrocytes, not OPCs; however, the O4 antibody and antibody to GalC (11, 12) have been used most often. O4 identifies the proligodendroblast antigen, which in the mouse appears in the later stages of precursor development and remains expressed in mature cells but is not detected in early precursors (46) , whereas GalC is present in both immature and mature oligodendrocytes. Chick embryo studies in which BMPs were overexpressed also used the O4 antibody and antibody against galactocerebroside as outcome measures (51) . Although O4 is expressed earlier in chick oligodendrocytes than in rodents, its expression remains present throughout development, thereby confounding the determination of a lack of precursors versus mature cells. Analyses showing decreases in oligodendrogenesis in a BMP-overexpressing mouse was performed using only mature markers, leaving in doubt whether OPCs were also decreased in number (52) . Only Miller et al (31) showed a decrease in OPCs upon BMP treatment using the A2B5 antibody, which specifically labels OPCs. They also observed that the effect of BMP was less strong on A2B5+ cells and speculated that OPCs become increasingly sensitive to BMP during development. Based on these data, we hypothesize that BMPs do not play a major role in OPC specification in vivo but do regulate the differentiation of OPCs to mature oligodendrocytes.
Generation of Astrocytes From Multipotential Precursors: Is There a Role for BMP?
The role of BMPs in astrogliogenesis remains incompletely understood. The application of BMPs to neural stem cells in vitro favors the appearance of GFAP+ astrocytes over neurons and oligodendrocytes (44) . The same treatment of cultured OPCs or oligodendrocyte preprogenitors from the brain generates cells that label with OPC or preprogenitor markers and express GFAP (11, 12) . These cells also assume a stellate morphology clearly distinct from the large elongated astrocytes typically seen in CNS cell cultures (12) . Modifications of BMP signaling in vivo have generated mixed results, however. The addition of recombinant BMP-4 to chick ventral neural tube explants did not result in a change in astrocyte numbers (51) nor did the addition of BMP-soaked beads to mouse spinal cord explants (50) . Rat spinal cord cultures treated with BMP-4 showed a morphological change in astrocytes, but a numerical change was not noted (31) . By contrast, genetic overexpression of BMP-4 in neuron-specific enolaseYexpressing cells significantly increased astrocyte numbers in the brain (52) . It would be tempting to ascribe the differences seen here as a difference in astrocyte development in the more rostral parts of the CNS versus the spinal cord, but deletion of both BMP Type 1 receptors results in mice with 50% fewer spinal cord astrocytes (15) . Thus, the reason why spinal cord explant models lacked an astrocyte effect and the genetic models had one remains uncertain, although genetic ablation studies favor an in vivo role.
Downstream of BMPs: Mediation by Inhibitors of DNA-Binding Proteins
The mechanisms of oligodendrocyte differentiation are complex, and many extrinsic and intrinsic factors have been implicated. Downregulation of cell proliferation through factors such as P27kip1, CDK2, and p53 are necessary but not sufficient to induce differentiation (54, 55) . External factors such as thyroid hormones and insulin-like growth factor 1 potentiate differentiation, and the presence of Notch receptors and Jagged signaling inhibits differentiation (5, 56, 57) . The BMP-mediated inhibition of differentiation may be related to any of the factors previously listed, but the cell-intrinsic pathway by which BMPs inhibit oligodendrocyte differentiation is probably mediated by inhibitors of DNA binding (Id) proteins and inhibition of transcription factors that promote oligodendrogenesis. The 4 mammalian Id proteins identified bind to bHLH transcription factors, thereby preventing DNA binding; they are upregulated in the presence of BMP signaling (58Y60). Disruption of BMP signaling through BMPR1a and BMPR1b receptors decreases Id protein expression, suggesting that BMP signaling regulates Id protein expression (30) . The Id2 and Id4 overexpression in cultured OPCs prevents differentiation and induces an astrocyte phenotype, mimicking the effects of BMP treatment (61Y63).
The mechanism by which BMP signaling inhibits oligodendrogenesis is likely to include the regulation of the Olig proteins, Olig1 and Olig2, either through Id proteins or through direct interactions with components of the BMP pathway. In neurospheres treated with BMP-4, Id2 and Id4 bound to Olig1 and Olig2 proteins and prevented their entrance into the nucleus and their actions in differentiation (62) . Conversely, in adult OPCs, overexpression of Olig1 and Olig 2 inhibited oligodendrocyte maturation after BMP treatment (63) . Direct interactions between Olig2 and the BMP pathway have been demonstrated at the level of the co-Smad, Smad4, which in dorsal spinal cord cultures can bind directly to the Olig2 promoter and dissociate upon differentiation (64) . In vivo, both a genetic deletion of Smad4 and overexpression of noggin increased the number of Olig2+ progenitors in the adult subependymal zone. The neurogenic phenotype in these Smad4 -/mice could be rescued by suppression of Olig2 function, thus providing in vivo evidence of the relationship between the BMP pathway and Olig protein regulation (65) .
Dorsal Oligodendrocytes
In light of recent evidence that some portions of oligodendrocytes arise dorsal to the subventricular zone of the spinal cord, the inhibitory effects of BMPs on dorsal oligodendrogenesis seem contradictory. Until relatively recently, there was little evidence that a significant proportion of OPCs could be generated outside the ventral subventricular zone. Chickquail chimera studies generated conflicting results regarding the existence of a dorsal source of oligodendrocytes, suggesting that there may be a small population of dorsal oligodendrocytes (66) . It is not known, however, whether the differing results of these studies were caused by technical details or a dorsally derived oligodendrocyte population. Studies investigating disruption of ventralizing signal Shh in ventral spinal cord grafts did not detect a significant number of dorsally derived oligodendrocytes. Recent evidence suggests, however, that a later dorsal population of OPCs exists, although its contribution to the final population of mature myelinating oligodendrocytes is unclear (24, 67Y70). Chandran et al (25) showed that oligodendrocytes can be generated in the absence of Shh signaling in vitro, suggesting that a dorsal Shhindependent population of oligodendrocytes could exist. Two lines of evidence using genetic experiments have revealed this dorsal population of oligodendrocytes. First, mice null for Nkx6.1 and Nkx6.2, which normally activate Olig2 and promote oligodendrogenesis, exhibit a loss of ventrally derived OPCs in the spinal cord while a later-emerging dorsal population of Olig2+/Pax6+ OPCs is able to develop (68Y70). As confirmation of the existence of dorsally derived oligodendrocytes, Fogarty et al (69) used Dbx1-Cre mice crossed with a reporter strain to fate-map Dbx1-expressing cells and found that a small population of spinal cord oligodendrocytes expressed Dbx-Cre, suggesting that oligodendrocytes can arise from Dbx-expressing cells, which are found dorsal to the subventricular zone. It is unclear what external signaling factors are responsible for the generation of this population of oligodendrocytes or whether they respond to the same signals as ventrally derived oligodendrocytes. In dorsal neural stem cells, fibroblast growth factor 2 signaling through mitogenactivated protein kinase promotes oligodendrogliogenesis by sequestering Smad1 in the cytoplasm, thus directly opposing the effects of BMPs (64) . Because fibroblast growth factor 2 generally serves to inhibit oligodendrocyte differentiation from OPCs (71, 72) , however, the in vivo relevance of this observation for at least the maturation of OPCs is not known.
How then can mature oligodendrocytes develop in areas where BMPs are expressed? There are 3 possible explanations. First, BMPs are downregulated in the dorsal spinal cord during late embryogenesis and dorsally derived oligodendrocytes appear only after BMP downregulation (31) . Second, it seems that this dorsal population of oligodendrocytes expresses a different complement of transcription factors than the ventral population (68) , which could result in a differing response to BMP signaling. Third, based on in vivo data from the deletion of both the BMPR1a and the BMPR1b, it is possible that BMPs do not simply inhibit oligodendrocyte development but may play a dose-dependent role; some level of BMP signaling could be required for oligodendrocyte development while excess BMP signaling is inhibitory (15) .
The Role of BMP in Demyelination/Remyelination
Recent studies show that BMPs are upregulated in a variety of CNS injury and disease paradigms that result in demyelination and poor remyelination, thereby implicating BMP signaling pathways as possible targets for myelin repair. Although the highest expression of BMPs is observed during development, low levels of BMP-2, -4, -6, and -7 expression are found in many brain and spinal cord regions in the adult. Bone morphogenetic protein expression is mostly associated with neurons, although astrocytes have also been mentioned, as well as one report of BMP expression in oligodendrocytes (73Y76).
Upregulation of BMP-2, -4, -6, and -7 has been noted in many injury paradigms, including cerebellar cortical ischemia (75) , spinal cord compression injury (74, 77) , spinal cord contusion (63, 78) , and stab injury to both spinal cord and brain (79) . The time frame of this upregulation varies from minutes after ischemic injury (75) to hours after the compression injury (74, 77) to weeks for the others (63, 78, 79) . The neural cell types that exhibit BMP upregulation seem to differ among these studies, although in general, the increased expression was mostly present in astrocytes, particularly those that are reactive and hypertrophic (63, 77) . Increased BMP expression, however, has also been associated with neurons (74, 77) and macrophages (76) . Mature oligodendrocytes express some amount of BMP, at least in culture (40, 63) , but BMP upregulation in oligodendrocytes was only noted in a few of these studies (78) . It is not known whether this is a rare observation or was simply not assessed in some of these studies. Two reports also showed upregulation of BMP receptors in neurons upon injury (80, 81) .
Bone morphogenetic protein upregulation has also followed several other experimental paradigms with demyelination. Lesions caused by ethidium bromide injections into the caudal cerebellar peduncle resulted in upregulation of BMP-4 in oligodendrocyte precursors (82) . Lesions formed by lysolethicin injection in the spinal cord resulted in upregulation of BMP-4 that was not colocalized with astrocytes (83) . In chronic experimental autoimmune encephalomyelitis, an animal model of multiple sclerosis, BMP-4, -6, and -7 were upregulated, and BMP-4, by far the most abundant of the BMPs tested, was found on macrophages and some astrocytes and oligodendrocytes in the area of the lesion in the lumbar spinal cord (76) . Finally, BMP-4 and BMP-5 were detected in human tissue from a multiple sclerosis plaque tissue and in a Creutzfeldt-Jakob disease lesion (84) . Whether the lesion was in the spinal cord or other parts of the CNS does not seem to have made a difference to the upregulation of the BMPs in these studies.
What function does BMP upregulation play in demyelination/remyelination? Based on the role of BMP overexpression during development, there are several possibilities. One is that the abundance of BMPs inhibits the adult oligodendrocyte precursors remaining in the CNS from differentiating to mature oligodendrocytes and making myelin. Another is that BMPs promote the astrocytic response and gliosis. Evidence for the latter comes from 2 studies. First, lesioning spinal cord by lysolethicin injection upregulated BMPs in nonastrocytic cells and upregulated phospho-Smad1/5/8 in GFAP+ astrocytes, suggesting a heightened sensitivity of astrocytes to the BMPs (83) . Second, BMP-4 treatment in vitro and in vivo increased expression of chondroitin sulfate proteoglycan, an important component of the glial scar made by astrocytes and a molecule known to inhibit axonal growth (83) . In a stab injury model, infusion of an anti-noggin antibody increased the number of GFAP+ cells and NG2 chondroitin sulfate proteoglycanY positive cells in the lesion area (79) . Thus, BMP upregulation could inhibit remyelination by increasing the glial response.
If BMPs act to inhibit remyelination, will inhibition of BMP signaling promote recovery? In lesioned areas formed by contusion or compression, addition of BMP inhibitor noggin significantly enhanced recovery of locomotion, whether the noggin was expressed by transplanted neural precursor cells engineered to express it or by infusion via osmotic minipumps (73, 78) . No change in reactive gliosis or the size of the lesion was noted, but there was significant regrowth of the spinal tract (78) . These results suggest that inhibiting BMP signaling could improve regeneration, although no mechanism is suggested and the effect on remyelination and other recovery processes has not been examined. These reports also contrast with studies in which noggin-expressing stem cells neither altered the resulting number of astrocytes nor increased oligodendrocyte differentiation, but instead increased the size of the lesion in a contused spinal cord model (85) . Differences between the type of lesions and method of delivery of the noggin cells might explain this contradiction.
Although the evidence previously described points to BMPs playing an inhibitory role in remyelination, BMPs have been found to be neuroprotective in models of stroke, ischemia, and Parkinson disease (86Y88), possibly by the same mechanism of increasing astrogliogenesis. One can hypothesize that increasing astrogliogenesis might enhance the survival of new neurons (89) or that generation of Type 2 astrocytes themselves might serve as a supply of new neural cells for cells damaged in the CNS (79) . These models may not be relevant to the effect of BMPs on remyelination, however, because an additional complicating factor is the upregulation of the BMP inhibitor noggin, along with BMPs in some disease models (79) .
SUMMARY
We have attempted to understand how a family of signaling molecules expressed in specific locations and specific times during development participates in the generation of a mature cell type from multipotential stem cells. A complex picture of regulation has emerged. Based on in vitro experiments in which BMPs are overexpressed, they clearly seem inhibitory to oligodendrocyte maturation and myelin protein expression. This is corroborated by overexpression in a mouse model in which modest decreases in oligodendrocytes are seen. Likewise, reduction of the BMP signals via treatment with inhibitors, antibodies, or ablation results in increased numbers of mature oligodendrocytes. Thus, it would be tempting to call BMPs simply inhibitory to oligodendrogliogenesis in general and postulate that the decrease in BMP signaling seen around the time of birth permits the generation of oligodendrocytes in areas where BMP was previously strongly expressed or in areas not counterbalanced by the expression of the BMP inhibitor noggin. Based on many studies of BMPs and oligodendrocyte development, it would also be tempting to define roles for BMPs in both critical junctures in the generation of oligodendrocytes, that is, specification from neural stem cells and differentiation from OPCs. Studies of the endogenous role of BMP signaling using 2 somewhat different genetic models, however, indicate a more complex picture in which BMPs may not affect the specification of OPCs and might indirectly play a positive role in the generation of oligodendrocytes. Intertwined in these observations is the role of BMP in the generation of astrocytes, possibly from the same stem cells that would generate oligodendrocytes. The stage is now set for additional studies to provide clarification on, among other things, the direct versus indirect roles of BMP in oligodendrocyte and astrocyte generation during CNS development.
The upregulation of BMPs has now been demonstrated in many models of myelin injury and disease, and there is evidence that BMP upregulation increases gliosis. That excess BMP directly inhibits remyelination is possible, but this has not yet been tested. Limited but provocative evidence exists that inhibition of BMP signaling can ameliorate the recovery from injury, but whether the mechanism involves remyelination, inhibition of gliosis, and/or possible other mechanisms is not yet known. It is exciting to speculate that these regulators of gliogenesis could be manipulated to promote maximal neural regeneration and remyelination in demyelinating diseases or after different types of CNS injury. Thus, it is important to understand their function in glial development and disease.
